N81-30180

ORBIT TRANSFER VEHICLE (OTV) ADVANCED EXPANDER
CYCLE ENGINE POINT DESIGN STUDY VOLTME 5. ENGINE
DATA SUMMARY (FINAL REPORT)

Pratt, et al

Mar 81



/67 /-30/8C  Fr-usts
VOLUME It
15 MARCH 1981

ORBIT TRANSFER VEHICLE (OTV)
ADVANCED EXPANDER CYCLE
ENGINE POINT DESIGN STUDY

ENGINE DATA SUMMARY

Contract NAS8-33567

Prepared for
National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

THIS DOCUMENT CONTAINS INFORMATION ON CARBON/CARBON MATERIALS AND
TECHNOLOGY, WHICH IS SUBJECT TO EXPORT CONTROL REQUIREMENTS OF THE
DEPARTMENT OF STATE INTERNATIONAL TRAFFIC AND ARMS REGULATIONS. ADDI-
TIONAL INFORMATION IS GIVEN IN THE DEPARTMENT OF STATE MUNITIONS CON-
TROL NEWSLETTER, NO. 35, APRIL 1977.

UNITED
TECHNOLOGIES

\\"3
% PRATT&WHITNEY
AIRCRAFT

REPRODUCED BY

NATIONAL TECHNICAL

INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERCE
SPRIMGFIELD, VA. 22161

Printed in the United States of America ] ]



Pratt & Whitney Aircraft Group

FR-14615
Volume III

FOREWORD

This report summarizes the characteristics of the engine defined during the Orbit
Transfer Vehicle (OTV) Advanced Expander Cycle Engine Point Design Study. The study was
conducted by the Pratt & Whitney Aircaft Group, Government Products Division of the
United Technologies Corporation for the National Aeronautics and Space Administration’s
George C. Marshall Space Flight Center under contract NAS8-33567.

The results of the study are contained in the following three volumes which are
submitted in accordance with the data requirements of Contract NAS8-33567.

Volume I — Executive Summary
Volume II — Final Technical Report
Volume III — Engine Data Summary

This study was initiated in December 1979 with the technical effort completed in 11 mo.
The study effort was conducted under the direction of the George C. Marshall Space Flight
Center’s Science and Engineering Organization with Mr. Dale H. Blount as Contracting
Officer’'s Representative. The effort at P&WA/GPD was carried out under the direction of
James R. Brown, Program Manager.
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SECTION |
INTRODUCTION

The objective of the Orbit Transfer Vehicle (OTV) Advanced Expander Cycle Point
Design Study was to generate the system design of a performance-optimized, advanced
LOX/hydrogen expander cycle space engine. This engine is intended to be used in an Orbital
Transfer Vehicle with an IOC date in the late 1980’s.

The engine requirements that are emphasized by the OTV application include: high
specific impulse within a restricted installed length constraint, long life, multiple starts,
different thrust levels and man-rated reliability. Development and operational experience with
the expander cycle RL10 engine, combined with our experimental work on high-pressure
staged combustion rocket engines, led us to the conclusion that for upper stage engine
applications, selection of the expander power cycle would result in an engine that would be
significantly cheaper to develop. Design studies on advanced engines for Shuttle upper stage
applications, that we carried out in the early 1970’s, showed that the potential difference in
specific impulse between advanced expander and staged combustion cycle space engines was
less than 1%. This potential difference was too low, in our opinion, to justify the much greater
development cost and risk of the staged combustion engine in this size.

In 1973, under NAS8-28989, “Design Study of RL10 Derivatives,” we designed the RL10
Category IV engine, a “clean sheet” update of the RL10 design concept, using the same
expander cycle, but optimized specifically for the Space Tug. The engine requirements for the
Full Capability Space Tug, and those for the Orbital Transfer Vehicle, as specified in Section
2.0 of the Scope of Work (Engine Requirements), are very similar and are compared in the
following:

2.0 OTV Engine Requirements (from SOW) RL10-Category IV
2.1 Expander Cycle, with LH, and LO, Same
2.2 Engine Thrust 15K 1b at MR 6.0:1 Same
2.3 Installed Length (two-position nozzle 57 in.’
retracted) <60 in.
24 1980 State-of-the-art 1973 State-of-the-art
2.5 MR Range of 6:1 to 7:1 MR Range of 5.5 to 6.5:1
2.6 Fuel NPSH 15 ft Fuel NPSH 0 ft
Oxygen NPSH 2 ft Oxygen NPSH 0 ft
2.7 Life =300 firings/10 hr Same
2.8 Chamber pressure spikes < +5% Not specified
2.9 2-position contoured bell nozzle Same
2.10  Gimbal range +15 deg pitch +4 deg pitch
—6 deg pitch
+6 deg yaw +4 deg yaw
211  Engine provides H, and O, autogeneous Same

pressurization
1
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2.12  Man-rated, provides abort return Not specified
213  Meet Orbiter Safety Requirements Same

Maneuver thrust at
3.75K b

2.14  Low Thrust Operation at ~ 1Klb

The impact of (h¢ differences in engine requirements, such as different inlet conditions,
gimbal angles, mixture ratio range and low thrust level is comparatively minor. An issue that
will have to be addressed in conjunction with the Vehicle System Contractors is how the
engine can assist in providing abort return of the vehicle.

The study objective calls for a performance-optimized engine system design. For a typical
OTV mission, engine specific impulse has a far greater performance impact than engine weight
(+1 sec Isp would justify >40-lb increase in engine inert weight), so the emphasis was on
maximizing specific impulse. Since engine cycle, propellants, nozzle concept, installed length,
and mixture ratio are all specified, this is done primarily through increasing chamber pressure
and hence nozzle area ratio.

A 15,000-1b thrust Advanced Expander Cycle Engine, that has been optimized to meet
the study objective, is compared with the RL10 Category IV (1973) engine as follows:

Thrust

Installed Length
Chamber Pressure
Area Ratio

Isp at 6.0 MR
Weight

Life

Operation
Full Thrust

Low Thrust
Conditioning

Technology

RL10
Category 1V (1973)

Advanced Expander
Cycle Engine

15,000 1b
57 in.
915 psia
401:1
470 sec
424 1b

300 firings/10 hr

Saturated Propellants

Saturated Propellants
Tank Head Idle

1973

15,000 1b

60 in.

1500 psia

640:1

482 sec

427 1b

300 firings/10 hr

Low NPSH (2 ft O,,
15 ft H,)

Saturated Propellants

Tank Head Idle

1980

The most significant difference between these two engines is that the specific impulse of

the Advanced Expander Cycle Engine has been increased to 482 sec. This 12-sec increase in
specific impulse over the RL10 Category IV engine is due to a combination of factors which
include: increased installation length (57 to 60 in.), updated performance prediction, use of the
“preheat” expander power cycle, improved technology turbopumps with higher efficiencies,
and reduced power margin.

Increasing the installed length of the 57-in. RL10 Category IV engine to 60 in. allows area
ratio to be raised to approximately 433:1, increasing specific impulse by 1 sec.

2
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Testing carried out subsequent to 1973 on engines with very high-area-ratio nozzles (i.e.,
RL10 with € = 205, ASE with ¢ = 175 and 400) showed that the achieved performance was
higher than that predicted by the current JANNAF methods by as much as 1.3%.

The chamber pressure of a power-limited expander cycle engine may be increased by
preheating the chamber coolant with the turbine discharge flow, thereby raising turbine inlet
temperature, and hence, increasing turbine power. This “preheat” expander power cycle was
investigated on an improved version of the RL10 Category IV, the “RL10 Category IV*.”
Chamber pressure is increased by more than 30% to approximately 1200 psia, giving an
increase in specific impulse of approximately 1%.

Further increases in chamber pressure have been obtained by increasing turbopump
efficiency through increasing speeds and by reducing turbine bypass flow. These higher speeds
may require a considerable effort in the design of the fuel turbopump to prevent its operation
at or below critical speed. Reducing turbine bypass flow from 5.7 to 3% reduces performance
degradation margin, which may be undesirable on a long life engine. The effect of these
changes is to allow chamber pressure to be increased by slightly less than 30% to 1,500 psia,
giving an increase in specific impulse of aproximately % %.

Once the chamber pressure of an OTV engine is increased over 1,200 psia, the rate of
increase in specific impulse with further increases in chamber pressure is quite low (approx-
imately 1.3 sec/100 psia), and is decreasing, whereas the difficulty resulting from obtaining
these further increases is high, and is increasing. It was not the purpose of this study to
optimize performance gain vs development risk; rather, by maximizing performance in a point
design of adequate depth, the key performance “driver” elements in an advanced expander
cycle engine may be identified, thereby enabling the new technology requirements to be
defined.
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SECTION 2
ENGINE OPERATING CHARACTERISTICS

% Thrust : 15,000 Ib
] i Mixture Ratio : 6.0:1 to 7.0:1
Chamber Pressure : 1505 psia
\\ Area Ratio . 640
6o \% I : 482.0 sec at 6.0 MR
Operation : Full Thrust (Low NPSH)
: Pumped Idie (15000 Ib Thrust)
\'\ (Saturated Propellants)
z \‘\ Conditioning : Tank Head Idle
> —& Weight : 427 b

Life (Design TBO) : 300 Firings/10 hr

FD 219109

2.1 DEFINITIONS AND REQUIREMENTS

The Advanced Expander cycle engine is a ‘‘clean sheet” advanced-technology engine,
incorporating improved pump and turbine designs and a hydrogen regenerator. Basically, it is
a “1980 state-of-the-art” design optimized specifically for use in the man-rated OTV. The
baseline Advanced Expander engine has the following requirements:

1. Interface requirements: not yet defined.
2.  Operating modes

(1) Tank head idle
(2) Pumped idle
(3) Low NPSH pumping capability at full thrust

3.  Design life: 300 firings and 10 hr
4.  Thrust level: 15,000 Ib at 6.0 mixture ratio
5. Performance: optimized

2.2 STEADY-STATE CYCLE
The steady-state cycle parameters of the Advanced Expander engine are presented in

Figures 2-1 through 2-4 and Tables 2-1 through 2-4 for the operating points of full thrust (O/F
= 6:1), full thrust (O/F = 7:1), pumped idle and tank head idle.
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Figure 2-1. Advanced Expander Engine Propellant Flow Schematic at Full
Thrust (MR=6.0)
180°R
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2493 psia A S— 538°R D=
p T NMTE 1757 7/%///
9980 rpm A _ - //
i rs 754, j psla
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g o-=—""S N EN\C [srooR 2T
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NPSH =151 | H “ASF % R ByPass 3910 |
46,190 rpm ~/ '-‘ 2, ¥ _o70°R |
101QR 2” g e ee st /
3945 psia ARSI 2
150,555 rpm
FD 219105

Figure 2-2. Advanced Expander Engine Propellant Flow Schematic at Full

Thrust (MR=7.0)
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11,350 rpm
46°R T, I AN
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FD 219106
Figure 2-3. Advanced Expander Engine Propellant Flow Schematic at
Pumped Idle (MR=6.0)
612°R —
0. %3 5 ;
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P = 15.6 psia ¢ { Thrust = 72 Ib
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FD 219107

Figure 2-4. Advanced Expander Engine Propellant Flow Schematic at Tank
Head Idle (MR=4.0)
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WD DE B DB D I P I3 S0 I NI I DI BB I I T D B I I e D I 9 e

FUEL LOX
PRESSURE 18.47 PRESSURE 15.98
TEne 37.7 TEMP 162,72
npsSP 0.46 NPSP 0.68
FLCH 4.45 FLOW 26.69
FUEL LSI LOX LSI FUEL PUMP (MAIN) LOX PUMP (MAIN)
XKW He 3w ow N> N NN P63 3 36 2 3% W W 5 N N 36 i3 E2 32222322322 34 1323232322223 232 23
SPEED 45119, SPEED __ 9751, SPEED ___ 147062. SPEED. ___ 66071,
S3 CCEED 125604, SS SFEED 7E693. SS SPEED §312. SS SPEED 2042l.
FLCH 4.45 FLOW 26.69 FLCU 4.448 FLOW 26.690
CLER 24.1 POLER 9.5 INLET GPM 453.6 PORER 360.10
_EFF 0.7464 _EFF 0.7477__1PSP 66,70 EFF 0.6737
DIZIH P €6.27 DIZCH P 88.51 INLET P 87.31
Ri:0 IH 4.378 RiHO IN 71.064 % 1ST STAGE % INLET T 163.0
POLE 787.05 DISCH P 2555.85
. EFF 0.6183 DISCH_T 176.7
I UEL TURBINE LOX TURBINE INLET P 85.33 RHO IM 71.106
rRiamxdekahuknenindt HiNFERwRwiikRnAW%® DISCH P 1900.22 RHO OUT 71.118
FLCA 6.203 FLOA 4.203 DISCH T 67.688 TIHLET GPM 168.5
CFCUER . 160R. 34 POLER 359.54 RHO IN 4.402_ NPSP 72,08
LFF 0.7122 EFF 0.7571 RHO CUT &.322
INLET » 3144.41 TIHLET P 1955.18
INLET T 859.4 INLET T 768.2 % 2HD STAGE %
0YS P(S) 2009.51 DIS_P(S) 1772.09 POWER 807.64
GLL ACT 273.8 DELH ACT 60.5 EFF 0.6582
M. VEL R 0.659 M. VEL R 0.542 INLET P 1879.86
ACD 0.299 ACD 0.739 DISCH P 3720.14
FCT_MP_100.59 PCT_HP__ 97.27 DISCH T~ 98.0
HP TRANS -33.7 P/P 1.103 RHO ouT 4.290
P/P 1.565 -

" FUEL INJECTCR

LOX INJECTOR

P I 3 27 B W e B JE I 6 I 2k WP KA I K I NI NI H® K

PANANRNARR AR AN t 2323282322223 * *
DeLTA P 107.93 DELTA P 134.22 % MIXTURE RATIO 6.000 x
INET_P_1607.65 INLET P_1633.89 * THRUST 15014, _ %
INLET T G80.8 INLET T 1£0.2, % IMFULSE 482.16 %
£CD 0.820 ACD 0.402 "% CHAMBER PRESSURE 1499.67 =
[ 36.690 PRHO . 69.684 % *
— Hv 24,105 (3322323212223 2232333332222 1T )
JACKET LEAKAGE & BLEED RM CONTROL VLV TURBIN BYPASS CV
(2223322223222 3 B >e B 36 e B 0 I M N K I N P T ot I IEN I I BN I I M I 3 3636 3 3 B 2 ok I 36 e 3 3¢ 2 3¢ M
Fron_ 4,35 KRLEAK 0.100__DELTA_P___ 921,96 _ACD.____ __ 0.0097
INLET P 2653.68 WT/P-F 0.0 ACD 0.1518 HNWTBY/WF 3.336
INET T 352.0 WT/P-L 0.0 K FACTOR 97.1019 MWTBY 0.145
DELTA PJ 459.895 TOXP 4864.011 P/P 1.990

DELTA T 507.046_ _ROXR_____2555,842 , .
FFP 1607.648 :
TFP 480.810
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Table 2-1. Advanced Expander Cycle Engine Steady-State, 15K Design
Point (O/F=6:1) (Continued)

SYSTEM PRESSURE LOSSES CHAMBER
e e T IO e AWK 6060338 36 00 36 303606 2 36 36 06 36 3 96 96 3¢ 96 90 3 ¢
©/P DIS LINE 1.202 PC (IMJ FACE) 1499.673
FB/P DIS LIMNE 0.94% IMPULSE (CHAMBER) 482,330
PULP INTR STG 20.360 IMPULSE (DELIVERED,  482.162
_PUNP_DTS_LINE 40.351 MIXTURE_RATIO(IHLET) 6.000
JAC IN LINZ 20.013 MIXTURE RATIO(CHAM3ER) 6.138
AC DIS LINE 22.143 MIXTURE RATIO(IGHITER) .621
FUEL TURB IN 32,227
FUEL_TUAB DIS 19.080 - -
FUCL I:+TR LINE  12.189
04 TUZS IN 23.066
0X TUZB OIS 10.009

JLUEL THJ FM_LYNE 11.169
0% INJ IN LINE 26.049

ENGINE STATION CONDITIONS
B30 0606 3696 3606 30 D606 30 606 96 e I 4 3% 5 BN 060696 DD O OO

STATICH PRESSURE TEMP  FLOM  ENMTHALPY  DENSITY
FUEL SYSTEM CONDITIOMS
B_P IHLET 18,47 37.65__4.448___-109.16 $.378__, N
B P EXIT 86.27 317.95 4.448 -105.33 4.402
FUNP IN. 1ST 85.33 37.97  4.648  -105.33 4.402
PUMP EX. 1ST 1900.22 67.69  4.448 19.72 4.322
PUNP_IN, 2D 1879.£6 70,52___4.705 26,72 4,231
PLMP EX. oM 3720.14 97.97 4.705  148.05 4.250
RECH COLD IN 3679.79 98.30  4.348 148.05 4.271
JACKET INLET 3658.68 352,02 4.348  1139.46 1.604
JACKEY EXTT 3163.78 859.07 4,348  2933.22 0.638
F TUB IHLET 3144.41 859.40 4.203 2583.22 0.628 -
F TURB EXIT 2009.51 787.90  6.203  2709.41 0.450
0 TURB IHLET 1955.18 788.21  4.203  2709.41 0.438
O TUT3__EXYT____ 1772,09 771,97 __4.203__ 2648.95 0,408
REGH HOT IM 1661.67 772.58 4.051 2648.95 0.383
GOX HX IHLET 1607.66 685.95  0.145  2344.44 0.416
COX HX EXIT 1607.65 685.56 0.145  2344.44 0.416
IHJECT _IHLET 1607.65 480,81 ___4.196 _ 1611.26 0.585
ICHITER 1772.09 771.97 0.152 2648.95 0.408
OXIDIZER SYSTEM COHDITIONHS
B P _INLET 15.98 162.67 26,690 60.93 71,094
B P EXIT 83.51 163.00 26.690 61.18 71.106
FUIIP THLET 87.31 163.00 26.690 61.18 71.106
PP EXIT 2555.65 176.69 26.690 70.72 71.118
_THIECT _THLET 1633.89 180.21 25,936 70.72_ 69.68%
IGHITER 2555.84 484.01 0.70%  202.27  17.468

ENGINE DESIGH PARAMETERS
960066 06 00 0600 DU IE IR I 5 36 B 06 6 69606 36 23636 6 36 26 266 D6 3696 3 6 20 36 06 K 06 36 0 ¢

AREA RATIO 642.0 ENGINE LEHGTH 120.0
DES. AREA RATIO 1434. CHAMBER LENGTH 15.0
SURFACE AREA 12585.  HOZZLE LENGTH 94.0
THROAT AREA 4.927 _ THROAT DIAMETER _2.505

FRI. SURF. AREA 2592. ENGINE WEIGHT 391.0
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Table 2-2. Advanced Expander Cycle Engine Steady-State, Full Thrust
(O/F=7:1)

JHLET_CONDITIONS
650 05 DD D 06 06 26 D65 3 D3 D6 6 K 36 3 3 3 3 936 36 3 3¢ 3

FUEL LoX

PRESSURE 18.47 PRESSURE 15.98

TFHP 37.7 TEMP _ 1627

T 0.46 HPSP 0.98

FLOY 4.44 FLOY 31.11
FUEL LSI LOX LSI FUEL PUMP (MAIN) LOX PUMP (MAIN)
S22 222 2283 1323323322231 221 (3232223221332 2317 396 36 336 3¢ 2 B¢ 3 3¢ 36 3 3¢ 3 X
_SPEED 46191, SPEED__ 9983, _ SPEED 150555, _ SPEED. 67661,
S5 SPCED 123534, SS SPEED 83665. SS SPEED  9357. SS SPEED 05935,
FLcu 4.44 FLOYW 31.11 FLOY 4.445 FLOW 31.113
POLIER 26.0 POLER 10.0 INLET GPM 453.1 POMER 422.11
EFF 0.7497 EFF 0.6937 HPSP 72.25 EFF 0.6572
LISGH P 51.56 DISCH P 76.71 INLET P 75.08
RHO IH 4,378 RHO IN  71.094 # 1ST STAGE % INLET T  163.0
- POLER 830.66 DISCH P 2493.33
EFF 0.6199 DISCH T _ 177.0
FUEL TURBINE LOX TURBINE INLET P 91.02 RHO IN  71.018
FhbAvinmmmu Roisi MM  MNUENNMNNMNNENNXE DISCH P 2012.06 RHO OUT 71.014
FLeu 4.186  FLCY 4.184 DISCH T  69.545 INLET GPM 195.6
_PC.ICR 1758,25 _PCIER 383,71 RHO IN 4.603  HPSP 59.87

EFF 0.7102 EFF 0.7556 RHO OUT  4.319

INLET P 3342.81

INLET P 2115.33

TNLET T 970.5 INLET T  B893.1 # 2HD STAGE %

DIS PrS) 2171.70 DIS P(S) 1927.01 POWER 853.30
DELH ACT  297.0 DELH ACT  64.8 EFF 0.6597
M. VEL R 0.441 M. VELR 0.535 INLET P 1991.72
ACO 0.299 ACD 0.741 DISCH P 3944.74
FCT_ WP __ 102,83 PCT kP €8.79 DISCH T _ 101.2
WP TRANS -74.3 P/P 1.097 RHO OUT  4.298
p/P 1.539

= FUEL INJECTCR

LOX INJECTOR

(2313222322223 2 8322223 eds iy s

N TR RIS IR T2 232222282 2 SN *
DELTA P 110.37 DELTA P 184.00 ¥ MIXTURE RATIO 7.000 *
INLET P 1757.45 INLET P 1831.09 % THRUST 16850, %
DILET T 75385 INLET T  179.5, % INPULSE 473,90 #
ACD 0.818 ACD 0.402 # CHAM3BER PRESSURE 1647.09
nv 37.411 PHD 69.990 » *
MV 33,046 6 36 3 3626 6 2 I 6 36 I 36 36 I 3 K I 36 I I IE I A K 3¢ I 3 350K
JACKET LEAKAGE & BLEED  RM CONTROL VLV  TURBIN BYPASS CV
133223 R2 2222 222 8] PO N M DO 6D I I I I IE I I I I IE 2 I K ¢ ¥ 36 3 36 e 2 36 36 3 % Dok 3¢ W N W
FLOY 4,33__NLEAK 0.110__DELTA_P___662.29_ACD___ ___0.0101____
INLET P 3883.76 WT/P-F 0.0  ACD 0.2104 WTBY/WF 3.476
IWET T 391.2 WT/P-L 0.0 K FACTOR 50.5836 WTBY 0.151
DELTA PJ 483.851 TOXP 589.382 P/P 1.935

DELTA TJ_573.9¢7__FOXP 2493,369

]

TFP 538.503




Pratt & Whitney Aircraft Group
FR-14615
Volume III
Table 2-2. Advanced Expander Cycle Engine Steady-State, Full Thrust
(O/F=7:1) (Continued)

CHAMBER
363636 36 36 0606 449636 6 36 2606 96 D06 36 336 2636 6

SYSTEHM FRESSURE LOSSES
Wk ok 0w v 33 B 6 e D06

OB/P DIS_LTME 1.634 PC_CINJ_FACE) 1647.087
F8/P OIS LILE 0.942 IMPULSE (CHAMBER) 474.03%
FUMP INTR STG 20.342 IMPULSE (DELIVERED) 473.898
FUIIP DIS LINE 40.027 MIXTURE RATIO(INLET) 7.000

_JAC_ TN LINE 19.852 MIXTURE_RATIO(CHAMBER) _ 7.177
AC DIS LIHE 23.299 MIXTURE RATIO(IGNITER)  3.984
FUEL TURD IN 31,811

FUEL TL7D DIS 19.797

_FUEL_TUTR_LIKE 12.¢647 —

0x TLm3 IH 23,932

04 TUZB DIS 10.341

FUZL IHJ IH LINE 11.369

0x_INJ I LINE 35.712

ENGINE STATION CONDITIONS
B3 060030 36 960 06336036 30 3696 5 3K I 36 000NN K96 D D666 36 0 B 3606 96 36 0 54 369636 36 26 36

STATION PRESSURE TEMP  FLONW EHTHALPY  DENSITY
FUEL SYSTEM CONDITIONS
B_P_INLET 18,47 37.65___4%.445__ -109.16 4,378
8 P ENIT 91.96 318.00 4.445 -105.03 4.40% '
PUMP IN. 1ST 91.02 38.02 4.445 -105.04 4.403
FUItP EX. 1ST 2012.06 69.54¢  &4.445 27.05 4.319
_PUL2 IH, 2MD 1991,72 72.26 4,701 __ _ 34,24 4,233
FUliP EX. 2HD 39344.74 101.25 4.701 162.54 4.268
REG: COLD TIH 3904.71 101.57 4.335 162.54 4.280
JACKET INLET 3883.76 391.22 4.335 1300.71 1.533
JACHET EXIY 3399.%2 970.15__ 4,335 3376,52 0.602
F TU'B IMLET 3342.81 970.51 4.184 3376.52 0.593
F TURB EXIT 2171.70 892.78 4.184  3079.52 0.430
0 TURB IHNLET 2115.33 893.12 4.184 3079.52 0.419
0 _TUP3  EXIT 1927,.01 875.69___4.184___3014,70 0,391
REGH HOT IN 1813.16 876.36 4.029 3014.70 0.369 ~
GJX HX THLET 1757.47 783.94 0.151 2708.08 0.396
GOX 1ix  EXIT 1757.45 788.97 0.151 2708.08 0.365
_IMJECT _IHLET 1757.45 538,50 __ 4.179 _ 1823,23 0.570
ICHITER 1927.01 875.69 0.156 3014.70 0.391
OXIDIZER SYSTEM CONDITIONS
B P INLET 15.98 162,67 31,113 60,93 71.094
B8 P EXIT 76.71 162.98 31.113 61.16 71.018
FUIP INLET 75.08 162.%8 31.113 61.15 71.018
FUIIP EXIT 26493.38 177.00 31,113 70.74 71.014
INJECT THLET 1831.09 179.54__30.492 70.7% 69.990
ICHITER 2493.37 589.38 0.620 233.16 12.831

ENGINE DESIGH PARAMETERS
BB NE D DD IE 5D BB D I I IE I 06 396 36 96 DI 0 9 DD 36 34 ¢

AREA RATIO 642.0 ENGINE LENGTH 120.0
DES. AREA RATIO 1434. CHANBER LENGTH 15.0
SURFACE AREA 12985. NOZZLE LENGTH 94.0
THROAT AREA 4.927  THROAT DIAMETER _2.505
PRI. SURF. AREA 2592 ENGINE WEIGHT  427.0
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Table 2-3. Advanced Expander Cycle Engine Steady-State, Pumped Idle

. e B o 0 e e T e TP A o S T S T P B W S = P T D S e . . v e e -

INLET_CONDITIONS

696 36 36 96 96 5 D0 D3 It 96 36 I S 36 D6 I 36 96 3¢ D 36 366 DI T 3 36 e U I I 36 D 3¢ 36 B 36D N I B D6 3 3

FUEL LOX
PRESSURE 18.47 PRESSURE 15.98
TENP 37.7 TEMP 162.7
HPSP 0.46 NPSP 0.95
FLCU 0.47 FLOW 2.82
FUEL LSI LOX LSI FUEL PUMP (MAIH) LOX PUMP (MAIN)
LIS TSRS L) 112222322 2823282 3] t 3222222222228 122 232123302231
_SPEED 11348, SPEED 2453, SPEED 36988. SPEED. 16618,
SS SPEED 10277. SS SPEED 6193, SS SPEED  3810. SS SPEED  846G.
FLOW 0.47 FLOMW 2.82 FLOW 0.471 FLOW 2.825
FOIER 0.5 FCNER 0.2 INLET GPM  48.1 POMER 3.99
_£FF 0.4153 EFF 0.3925_ PSP 8.35 EFF 0.64754__
DISCH P 25.29 DISCH P 23.30 INLET P 23.29
nHO 1IN 4.378 RHO IN  71.054 % 1ST STAGE % INLET T  162.8
FOMER 9.83 DISCH P 205.45
EFF 0.3711_ DISCH T___ 164.5
FUEL TURBIHE LOX TURBIHE INLET P 25.28 RHO IN  70.567
Motden MmN AR NI HUNMNNHN N NN RNNNE DISCH P 153.27 RHO OUT 70.867
FLei 0.210 FLOW 0.210 DISCH T 41.658 INLET GPM 17.9
_1OVER 20.64_ POER 3.84_ _RHO_IN 4.390 PSP 8.28
EFF 0.4930 EFF 0.5691 RHO OUT  4.288
THLET P 203.90 IHLET P 173.60
INLET T 651.8 INLET T  932.0 % 2ND STAGE #
01S P(S)_175.35_ DIS PIS) 169.38 POWER 10.01
BELH #CT  69.3 DELH ACT  12.9 EFF 0.3981
. VELR 0.188 M. VELR 0.256 INLET P 153.04
£CO 0.320 ACO 0.835 DISCH P 282.37
CT_HP_ 101.63 FCT HP _ 91.58 DISCH T 45.8
WP TRANS T -0.8 PP 1.025 RHO OUT _ 4.191
p/P 1.162

= YUfU THJECTOR

LOX INJECTOR

T 6 3 3 I I 30 36 3 I I I I 3 3% 3 3 33 I I K W 3 I X I W

11

HrAsEARKREARARAN  HRAENFWeRNRRAARE % *
DELTA P 11.00 DELTA P 39.91 * MIXTURE RATIO 6.000 =
LUET P 166.71 INLET P 193.62 % _THRUST 1501, #
INLET T "6ed.5 IHLET T 217.6,, % IHPULSE 455.35 ¥
ACO 0.520 ACD 0.402 "% CHAMBER PRESSURE 153.71 %
1 3.723 RHO 2.689 *
— Hyv T LO8 50603 36 0636 3696 36 36 36 36 36 36 96 6 36 34 36 36 969656 i 3¢ 3 96 36 3636 96 36
JACKET LEAKAGE & BLEED  RM CONTROL VLV  TURBIN BYPASS CV
HHNAIM AN WA NMIMI WD NN NI KB NN IITE W I DI M HNIEIN I 360056 96 96 96 3656 96 96 6 360 96 6 3
Loy _0.46__HLEAK____ 0.010 DELTA P __ 10,50 _ACD___ ___0.3176__
INLET P 281.66 WT/P-F 0.0 ACD 0.0417 WTBY/WF  54.310
INLET T 308.8 MWT/P-L 0.0 K FACTOR 96.2051 WTBY 0.250
GELTA PJ 72.639 TOXP 909.615 P/P 1.263
DELYA TJ_642.83%  POXP 205,453 _. "
PFP 164.710
TFP 468.517

FR-14615
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Table 2-3. Advanced Expander Cycle Engine Steady-State, Pumped Idle
(Continued)
SYSTEH PRESSURE LOSSES CHAMBER
WH D MW o b N i*li*l*iiﬁ;ﬁ(i!*k“*il**l%*i}ﬁfg_____
3/P DIS LINE 0.013 PC (INJ FACE) 153,710
FE/P DIS LINE 0.011 IMPULSE (CHAMBER) 455,693
FUP INTR STG 0.230 LMPULSE (DELIVERED) 4E5.355
_FUND DTS LINE 0.463 MIXTURE_RATIO(INLET) 6.000_
JAC IN LInE 0.230 MIXTURE RATIO(CHAM3ER)  6.133
JAC DIS LIKE 3.864 MIXTURE RATIO(IGHITER) 3.123
FUEL TUB 1IN 1.256
_FUEL TU7S DTS 0.612 o
FUEL INTRLINE 0.351
oM TURY IN 0.740
0X TUR3 DIS 0.301
FUEL 1:J TM LIME _ 1.133
0X INJ IN LIHE 7.746

ENGINE STATION COMDITIOHS
B30 0696 36 36 36 3636 2636 3 36 96 363606 36 36336 36 096 30 306 363 3636 36 30-36.36 3 34 4 96 96 D696 36 0636 36 3696 96 36 34 3¢

STATIOH PRESSURE TEMP  FLOW  ENTHALPY  DENSITY
FUEL SYSTEM CONDITIONS
B_P_THLET 18.47 37.65___0.471__ -109.16 4.378
B P EXIT 25.29 37.35  0.471 -108.46 4.390
PUMP IH. 1ST 25.28 37.35  0.471 -108.47 4.390
PUIP EX. 15T 153.27 41.66  0.471  -93.71 4.288
PUNP_TH, o 153,04 61,91 0.498 __ -92.95 4,275
FUIP EX. 2HD 202.37 45.81 0.498  -78.73 4.191
REGH COLD IN 251.%0 45.76  0.461  -78.73 4.192
JACKET IMLET 281.66 308.84 0.461  944.10 0.169
JACKET EXIT 209.02 951.73_ 0.461 _ 3244.08 0.041
F TURB INLET 203.90 951.76  0.210  3244%.07 0.040
F TURB  EXIT 175.35 931.95 0.210 3174.75 0.035
0 TURS IHLET 173.60 931.96  0.210 3174.75 0.035 -
0_TURB _ENIT 169.128 928.27___0.210__ 3161.87 0.036
NEGH HOT IN 166.24 928.29 0.197  3161.87 0.033
GOX HX INLET 165.06 939.65 0.250 3201.28 0.033
GOX HX EXIT 1664.71 6641.33  0.250 2163.90 0.048
IHJECT IHLET 164.71 468.52 _ 0.447___ 1550.96 0.066
IGHITER 169.38 928.27 0.013  3161.87 0.034
OXIDIZER SYSTEM CONDITIONS
B P INLET 15,98 162.67 _ 2.825 60.93 _ 71.09%
B P EXIT 23,70 162.76 2.825 60.98  70.967
PUMP THLET 23.29 162.76  2.825 60.98  70.967
PUNP EXIT 205.45 164.45 2.825 61.98  70.967
GOX 1iX IHLET 205.45 164.45  2.783 61.98___ 70.967
COX HX  EXIT 204.12 217.64  2.783  155.20  60.181
INJECT IHLET 193.62 217.64 2.783  155.20 2.689
- IGHITER . 205.45 909.61 0.041 319,93 0.671

ENGINE DESIGN PARAMETERS
3630 JE0EIE 263 36 30696 36 36 06 36 1 K 30 96 06 06 36 3436 3336 36 34 36 D6 36 336 36 3036 36 36 36 36 36 3 96 36 3396 36 3 36 3

AREA RATIO 642.0 ENGINE LENGTH 120.0
DES. AREA RATIO 1434. CHAMZER LENGTH 15.0
SURFACE AREA 12935. HOZZLE LENGTH $4.0
THROAT AREA %.927  THROAT DIANETER 2.505

PRI. SURF. AREA 2592. ENGINE WEIGHT 391.0
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Table 2-4. Advanced Expander Cycle Engine Steady-State, Tank Head Idle

- . v P S - . e e - e e - S - -

INLET_CONDITIONS
B0 06096 963 D96 D6 I 56 0 5% 606 DI U0 306 30D 06U

FUEL LOX

PRESSURE 18.23 PRESSURE 15.60

TEHP 37.6 TEMP 162.2

NPSP 5.496 1PSP 0.98

FLCW 0.03 FLOY 0.13
FUEL INJECTOR LOX INJECTOR E2 1322332233232 3332223223222 823
w0 AR gt Bk (1232133322333 2] * %*
DELTA P 1.16 DELTA P 4,22 % MIXTURE RATIOQ 4,000 ¥
LHLET P 9.26 IHLET P 12.32 % THRUST 72. %
INLET T 581.1 IMLET T 611.8 # IMFULSE 449.75 ¥
ACD 0.839 ACD 0.461 % CHAMBER PRESSURE 8.10 *
Y 0.377 __RHO 0.060_ # *
My 0550 335 3 3¢ 36 36 3 250 3636 5 3 9 36 J6 I D6 e I 96 3 I 3¢ 96 - 3 96

ENGINE STATION CONDITIONS
BTN TN IR I 3N DTN N KD I DI SN I DI I I I I

STATION PRESSURE TEIP  FLOW  ENTHALPY  DENSITY
FUEL SYSTEM CONDITIONS
_IHLET 18.23 37.56_ 0.032  -109.37 4.382
FECH COLD IN 18.21 37.56 0.032 -109.38 %.382
JACKET IHLET 18.21 70.00 0.032  168.80 0.050
JACKET EXIT 14.13 893.39 0.032  3037.80 0.003
HEX THLET 9.45 852.09 0,028 _ 2998.50 0.002
HEA EXIT 9.39 635,65  0.028  2145.97 0.003
RECH KOT IM 9.39 893.39 0.003 3037.80 0.003
INJECT THLET 9.2 531.10 0.031  1650.60 0.003
ICHITER 14,13 893.39__ 0.001  3037.80 0.003
OXIDIZER SYSTEN COMDITIONS
INLET 15.60 162.24 0.128 60.75  71.169-
__MEX_INLET 15.60 162,24 0.128 60.75 71,169
HEX EXIT 15.53 611.81 0.128  251.22 0.060
INJECT INLET 12.32 611.81  0.123  251.22 0.060
IGHITER 15.60 893.39  0.004  316.32 0.052

ENGIMNE DESIGH PARAMETERS

*&***i*i*i***il**’f&i&iiii**i*ﬁiii**i********&*ii*i*

AREA RATIO 642.0 ENGINE LENGTH 120.0
— DES. AREA RATIO 1434. CHAMBER LENGTH 15.0
- SURFACE AREA 12585,  N0ZZLE LEHGTH CYA)
THROAT AREA 4,927 THROAT DIAMETER 2.505
PRI. SURF. AREA 2592, ENGINE WEIGHT 391.0
) R
W
JATKET LEAKAGE & BLEED RM CONTROL VLV  TURBIN BYPASS CV
(22322522 222223 3% 3w 3 I I I B B N 96 0N 36 3¢ 3 36 36 3% 36 96 3 2 I 3 ¢ 3¢ 9 M 1222322232232 2323
FLOW 0.03__WILEAK 0.0 DELTA_R 3,21 _ACD _0.4355___
INLET P 18.21 HWT/P-F 0.0 ACD 0.4550 WTBY/WF  96.061
INLET T 70.0 WT/P-L 0.0 K FACTOR 12.6802 WTBY 0.028
DELTA PJ  4.076 TOXP 893.39% P/P 1.494
GELTA TJ 823,394 POXP 15.602
PFP 9.262 D
TEP 581.100

13
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Table 2-4. Advanced Expander Cycle Engine Steady-State, Tank Head Idle
(Continued)
SYSTEM PRESSURE LOSSES CHAMBER
I3 AN NN NN N e l“*'*****l*ﬁii*h‘**lli'll**l*
5/P DIS LINE 0.0G0 PC (INJ FACE) 8.100
FB/P DIS LIHE 0.000 IMPULSE (CHAMBER) 449,751
PUIP INTR STG 0.001 IMPULSE (DELIVERED) 449,751
_FUP DIS LINE 0.002 MIXTURE RATIO(IHLET) 9.000___
JAC IN LINE 0.001 MIXTURE RATIO(CHAMDER)  4.000
JAC DIS LIHE 0.256 MIXTURE RATIO(IGHITER)  3.750
FUZIL TURB IN 1.256
[FUEL TUTB DIS 0.612
FUEL INTR LINE 0.391
0X TUR3 INM 0.740
04 TURD DIS 0.000
FUEL INJ IN LTHE  0.118
0« INJ IN LINE 0.681

14
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Figure 2-5 presents engine thrust as a function of off-design mixture ratio at the full
thrust setting.

17000 r
16000 —
6000 Note: No Tank Pressurization Flow
)
7]
2
£ 15000 |—
E
3
3
o
3]
>
14000 p—
13000 | 1 - A l
5.0 5.5 6.0 6.5 7.0

Inlet Mixture Ratio

FD 212853
Figure 2-5. Estimated Effect of Inlet Mixture Ratio on Vacuum Thrust at
Full Thrust Setting

23 STEADY-STATE INLET PRESSURE EFFECTS

The effects of varying fuel and oxidizer engine inlet pressure on engine performance is
shown in Figures 2-6 and 2-7 (full thrust) and Figures 2-8 and 2-9 (pumped idle).

24 STEADY-STATE TANK PRESSURIZATION EFFECTS

The effects of varying fuel and oxidizer tank pressurization flowrate on engine per-
formance is shown in Figure 2-10 and 2-11 (full thrust) and Figures 2-12 and 2-13 (pumped
idle).

The effects of varying fuel and oxidizer tank pressurization flow rate on pressurization
gas temperature is shown in Figures 2-14 and 2-15 (full thrust) and Figures 2-16 and 2-17
(pumped idle).

25 STEADY-STATE SPECIFIC IMPULSE

The estimated specific impulse breakdown for the steady state operating points is shown
in Table 2-5. Full thrust off-design specific impulse as a function of mixture ratio is shown in
Figure 2-18.

15
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1) Engine Fuel Inlet NPSP Is Constant
2) Engine Oxidizer Inlet Conditions Are Constant
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Figure 2-6. Estimated Effect of Engine Fuel Inlet Pressure on Full Thrust
Operation
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1) Engine Oxidizer Inlet NPSP Is Constant
104 : . 2) Engine Fuel Inlet Conditions Are Constant
3) Constant Contro} Valve Areas
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Engine Oxidizer Inlet Pressure - psia ’

DFA107987'
810607
Figure 2-7. Estimated Effect of Engine Oxidizer Inlet Pressure on Full

Thrust Operation
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Figure 2-8. Estimated Effect of Engine Fuel Inlet Pressure on Pumped Idle

Thrust Operation 18
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2) Engine Fuel Inlet Conditions Are Constant

106 3) Control Valve Areas Are Constant

104
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100

98
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DF >1 07989
810607
Figure 2-9. Estimated Effect of Engine Oxidizer Inlet Pressure on Pumped
Idle Thrust Operation
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Figure 2-10. Effect of GH, Pressurization Flowrate on Engine Performance
at Full Thrust
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Figure 2-11. Effect of GO, Pressurization Flow on Engine Performance at
Full Thrust
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Figure 2-12. Effect of GH, Pressurization Flow on Engine Performance at
Pumped Idle Thrust
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Figure 2-13. Effect of GO, Pressurization Flow on Engine Performance at
Pumped Idle Thrust
23



Pratt & Whitney Aircraft Group

FR-14615
Volume 111

e o M 1SN0 B N IR TR ke M . - 14 14
oo N A : 3 BERER S i . i H B E
4 ! N - P i ' ‘ ! B DU SN
PP s ot Do BRI N I . L R L T O
[P SR SUBpA S SRS S lemid s - ———
T Y TTTRTTTIYTITE VTYTTT H IEERCORRES RRSRD RIS Sbba
; PR S : e L . [ B S
Leve ) IR R LRIl U BN - [ N SN B
Dl 2t 4. BN RS I ST . RN BTN
SPUTE SOTRS SERRS RRSDE FERES SIRES PUEER g HARE RS IRETES SRR RENES SRLNR ) R JEEEEE B
AT ERUS SRR SIS S FS DS AN P PR S . R P N
PP SLEET PRURS PR LTS PR RS FRORS SN PRPRS PR P SN B B ZENTE SUREE SRR
b deim 4 RS + SIS P & pOS SIS 88
194 R PESRR B T s I TR T T ; v R
. PR SR S P SHTDY R RS PRNR ARt & 2 SN [RESPRRES PR S . o .
R Iy 5S SASEELSEEE IRETR TN I A . oy ; 1 L
— HIRREY SERES paR e e i F
V- JEREES SRGOS DO : . : I
i cpees g LIIRIIUYS I P
. 10 REETE - M M
A0S SN ot SIS S S QRS
T e - T . PR I SOTN
H rN . PR 1. .
FOR PRt P S : o . e .
BRI -3 PN . DUy, -3
IRESIREEE $2NS TARES =2
IR ITDER MANDE SHDHS b
PSR SRDES SRSe SIS P
IO P

RSO e ats sdhts sEBEs 20K

SPRPI PERES SRR SRBRS SERGU
SN

LIRS IR 12601 IS
corwbiin Komoidos 14000
PROOP RGNS 4 SNG SIS pe
RRos codts SR Rs Snes oo
PREMPE Seiri i iy ERE LETYL LRnae by IESES sopse
RPPHS u BREES 2023 40 0] SAUG SISV S t ASGES PODDE

jasge soo8s (32

FErmS o IS IR R L TR SRR 20 LAY ot
e POREe PRI EITS: TONEE DOMQE PP DI $94

ps SOUPS o s o DODE SN S0
N oy POSG & .4 e 2

PRRET 202 aage

-y - b Py o
PEP S Souss Suivps - M A crg
gy .o

Flow on Pressurant Temperature at Full Thrust

GH, Pressurization

s

Figure 2-14. Effect of Varying




Pratt & Whitney Aircraft Group

FR-14615
Volume 111

; : 1R R RREASE ERRDE ERN0I SRS v

L I SOOI ST : 2

e : T I ISIR] SEEE: CE3F] RRTINY: R e ]

. =

Lo i EER ST B s o]

R : i soas ke aalees -4 a
{ : : _

..
PN PRRREDS B
SRS EREE! SR N

it s
v
A ys -

PN

* I IR p
PR [ PR -
‘ H PRDRENN .

100 e .

[N U D SN IR B
[P IPRTERIDS B RS 3
L4 S legeee il v g i
3 M IRRIRE2 "
- PRRSS N
1 N PR
i B IR INNE I

S

tion Flow on Pressurant Temperature at Full Thrust

1za

- g
DA S04 3
28 3RS 2 2
EIRES S50 ¢ Sl o R ': fost g
SR DRG0 THPEE PRSP i P z . PO pé |
SETES Eaat SEbEs bud . R I 0. &
P Y T DS SRe suent
hin SERch SHIRRORINS FERA EREES SRRMISERS SIPTE S8 fo Q
- TTTY 13 Aive
g 4 6]
! ¥
B 1:;. Tidty
- 1 1 1147
i H 1 23131
. N M s
t F oE
. B i shabi s
o L 2 >
b g RN SEETORNNS 33 22 5 11 : :
; TG o b el 12z M 3 . e
T pEeREtEx Aras Tee ¥ "‘1‘"“1 SISEY HEOTY SYTR) por: fare- g =3 1Y
. EEE FR4RE 5 - 1 be SOTPR SEERS Jhaat Sias 0 353 wrded
o S gty §58% D0 TRt SR RS s SPER: Sy SLatiSohe: Frke 3
: . e I
b

P

M

‘¥
1

Wt e

69 3

Figure 2-15. Effect of Varying

T




Pratt & Whitney Aircraft Group

FR-14615
Volume III

FERISTEEET SEESE EESES SEEHI FEONE HONIS IS SRS S 1 N
FERRS SEDES SHUDS SURRE S B H Yol : I RS RIS
.,“;. S IR IINNE IR e LI SOUps SO RERTIREE LIPt 0%
IPOUE SUPPE SNGEE SR wmyTTTTTTE IEReY ISESE IRER RERES AR PO SREES I
SIS SIRES 26605 ShleH S8 SNSRI sy R ' o o~
RSP 2T 10 bR SR YR FRNE e i . o . ol o Q
SPUYR SPRYS 1OREY B T t T 1 e T -
prerobiood . i ;o R P R HIREE SRR TR
SRS AR REOUS . liee X . SIS SSRGS SN IUPE SIN
IPERIISLES LRRRESRe : B T T et MR SRS SASRSERIES SRS Siues
PRSOS SRR MGRNSE : B SR FR N ANTAE MRS AEOSS HENS AR SRS
FEGEN SIS SR M S SR PURES SRS S RS TIREt SRS R -
IS eyt IR 5 S R I8 Bt ETO SO 3
Ty 128 PRun: pou IRERT SRR IRe ey = RS SR
P22 SN T PRORNOS M R O POERS SR e i S M ~
LIRSS S05TT RIRETRESE SSNR00NE ST IANE ST HitT TSt THIES . . 5% SIUSTIONIE BEH PEEE: 3
pony IS2ITSSS 2SLEZ E2TRS TRREE LERRT SOTRE ooy 13 CRERE PRt : S 2000 chate Rie S pavey B~
e [ he b hns ch IS STR2¢ ERAE DERES LERIRRRTS: IS H N Sy R PR N
pe &S 0S50 SRGE¢ SHBES SEHEN 9 N L L PRS SO0 SN P AR S
o 138 $9 o |3 23000 FERYP apits MR TRy RNt TN Y -1 SR EEEER SORES RS SRS RO ™
PR R oA R ETEES Mt p SR E DI IPENMDE SIMEEND g IETRS IR P " . PR . FERER SRS hord
Lo S AR NEAMES RN SDSDG i Siay N P PRPSpOaEe 3
- - PR pates SREGS 29408 POSRS OIS SRLDS SOIES : IS Fea . . PR SOGDE RGN0 e
PERE2 22000 JR00S Spvis rOule Sidad SRDES SONLY SEGDE Sodte P RIS P .. B IR At —
3 T e I
S QRIS & RS PRI ! . IR HOSS pppes Y
: 1 SRS SERES RERES STy SUUES EURDE MEEs EERDE st85S £
i I I S IRERE R0 IR TNS L0 & g
T P IS SURCHERES RORRE PONLe MORbe Sikgtd
by 5 POUEN FREES DS SIS PSSS RIS Doie Shs § 0098
o PSS S 2% SEOEE iS4 SRS 4044
S RESSSS 2RO DEREE 20N ST Rt F00 ThMYS gt e soads -
[ PRNEE SRERS SUENS MEE SS9 99 SRR SEURS SREES Rbpe-e -]
b, S 00 M SIS PEEUS SS50¢ SUDOS SOSls Myene ey
RISEE BITES SETES 10000 Y00 FEPRt R bbhps pbon ®
ERs A
S 3
-
e iatd SoSEs 5 LR et INTT c
Foe SOUDY SRR SOSEE SPRRE SOHSS SOid SRS SO ~
st one 2t SOD4% SOy PROS SHUDE POP
—ne -+ “ -l D
LOTUS FRpas SOOES DPRe Q.
: P54 JO56T MDES P
+ s W 4 EXY Saate DR E
os 54 Pes 3
et * Y Tas o iges o ers .
. $OFS by E
SSRGS phman SRSV 81 + 3% +
oouy e 3 pe 454
ot e POS YROBS SOae -~
+ o8 habes IaEkE e 25d :
oy 54 s be SRS Sopne ghae
es pge PES £E20e 19 b [~}
someyprIe tupa 3 U ST 2 ls
SIS vete: aaehl : Y S 123 3
pus &4 LT : 2
e ps . o s od -
. +o- BSOS B4 —t Ta o §aana [%
e Iy s + a*!-; + i
SRR o+ 1 r jrps e ssews =
K 1. $EPes axade § 1
- as ot 434 PSE: SHTLY ATLS2 AN I~
2 e . -+ S
i )2 oeyes ST STAES PEIAS Tp i speme
Loe sve - + o JOtps PRRPE POSGe $3PDs AR
3 33 Jpids SN ¥ 3
Tosedri it i :
PS> S Bengra S92 4 P Nc
1 : ] I,
< et | -t -l
= Tevr o]
(S ene ohi + [~

phoe > I+ pPPes shswe S

L a: b Sl coa
pawe arpes -~

pas
SRPLY 35009 Mg Sit S
Y

PRy vwery
: : 3

1

13208 SRTEE 33T w
SSORE SDEAS o8 1 w
paege Iy . o
Senpe spuws sod v PETs pevay i

I e Ui (R ‘ ,

: z - PEYY STy . N
" h PAB Y S n,m.,w.».n.:i“ MPREG PR D ENRET 2 NEY m
oo . (581 Fydge 3 v :

PRUPE SEgSs sueas LaREs 48 PEo e Povenh aogim Py g : \ . )
SOt Sadvs N i< PO SRS Sute <]
89S FYSRe v !
b A )
SRR LRR? b4 I
2
oA ‘é
3 b
3 + > >
228t o2 32)
1337 & 32 Ly s “5
! g b
ni-r-q-; -~
i + o ey <
v & * A I
- o ;
2ARYS 1oPRY gRb0e Bk Um oy BEr H S
spugy ppans uasy g vradg u T o~
suall Spaus MU 2 -S4 33 e [<3)

T -3 by

e etk { e 1 5oy g
+ < ok 3 jo3 >
IR S 4w s pos ¥ : . ey
ERR2peoe ¢EPOH Eo g0 “-{f 44 4 ¥ <k} ©
ey g b i iidise e - Fei Ta N'
. v
poec e g . Y #o pgR gura
et Ad ¢ (793 %ahg s g & o 43 . - N
Hre- TET >
fiid 4 2 kg : SOy e ;. Q
3 : i3y ranegpeds oan . R
e 0589 3 £
[33¢ Ixae st . T34 3
3 e 7]
5 ¢ 3 T of i 133 (Y

4 ¢ ) 4 e Ey n
1. b4 & ‘%)

M it -
$e st 1 5 ; 3 : ]

- + 4 oy i 154 ey “

+ + 4. ShIsss W
g4 ¥ ey ¢y S 5o

s S i T

s 4 b B #a ML 1. :

3w Fiow + 3. P 1B R Rty 213y .31
PSRNY PP R - et id &

133 sE3E8 3R > ¥ =+ -4 ;iR & 54

PESES SOt S84 (232971 o FRO¥ 9080 3 PHEE ! :
It I I it HsHit nitr it

26



Pratt & Whitney Aircraft Group

FR-14615
Volume 111

vty 1k % § b b
e e s it 3 R e )

DF 107997

- P S St i S i
ae TR ST e
b 34 )3
291 .
t s :
- - JESQERwRe b
T SO AR O DRI PR
> + <y b St
2 b PEe SR S RBRGREE Saa T S
»
yor v mpes seogsaany papey iae Hwpan
P o R S, S o R
PUOS SRS DOEL SN S Sai
73 SETTPStTa) Shges foass SORTPOR Be SR
L + z s
s v FRaN R i : , o
bouns ESbg o it A4 puipiiths S lequirss St SUEr PRSP NS
> ru 23 Tha e rd
o 3 ¥ R OF e el bl s gt pEDE S ¥
3 - xe Pt F3% Sty S S 4
pr S oy SasRL s Rara E S e R
2y s - iy
ol s 3 s Y oR i ot b
4 Fdoe.
> .
oot Sgpe
P T e
¥ 1
o i &
T e gt
poguion Boan
e S Selie dh
ke hodkss e ¥
e T
T
L e o

B tac ety o]

fadean

=

Flowrate on Pressurant Temperature at Pump Idle Thrust

1zation

GO, Pressur

+ oo 4 - 4 yavantin g b
i 45 Vs 4 RS 1 Bt A VS
PRaR-5 S35 4 e S s Aotk b s

-t

et ingon

0 g

§Y er ot ow

Rt b
LA
ot

Figure 2-17. Effect of Varying

27




2.6

2.7

Pratt & Whitney Aircraft Group

FR-14615
Volume III
Table 2-5. Advanced Expander Cycle Engine Specific Impulse
Estimates
Thrust, Ib 15,000 16,850 1,501 T2
Mixture Ratio, Inlet 6.0 7.0 6.0 4.0
1, at Inlet Conditions, sec 489.8 488.9 488.5 480.2
Ah, Btu/lbm 1647 1866 1596 1984
L, at Injector Conditions, sec 500.3 497.6 501.0 505.4
Al,, Kinetics, sec -24 -5.3 -23.2 -38.4
Al,, Divergence, sec -5.0 ~4.8 -5.2 -6.0
AL, Boundary Layer, sec -9.2 -10.1 -9.2 -11.3
AL, Energy Release Efficiency, sec ~1.5 -35 -8.0 <0.1
1, Delivered, sec 482.2 473.9 455.4 449.7
490 r—
o 480 —
Q
)
1
®
w
>
Q
E
L 470 —
‘O
V)
Q
w
g -
3 Note: No Tank Pressurization Flow
©
> 460 —
- | | | |
5.0 5.5 6.0 6.5 7.0
Inlet Mixture Ratio
FD 212852

Figure 2-18. Estimated Effect of Inlet Mixture Ratio on Vacuum Specific
Impulse at Full Thrust

ENGINE LIFE
The estimated life of the engine at the various operating points is shown in Table 2-6.
ENGINE WEIGHT

The estimated weight of the engine and its various components is given in Table 2-7.
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Table 2-6. Estimated Advanced Expander Cycle
Engine Life

- ; ]
Time Between Major Overhauls'

2)

Operating Point (Cycles ™) (hr)
Full Thrust (O/F=6:1) 1500 10
Full Thrust (O/F=T7:1) 650 10
Pumped Idle > 2000 >30
Tank Head Idle > 2000 (Not Applicable)
Design Goal 300 10
Notes:

(1) Operation without major component changes (e.g.

chamber/primary nozzle, turbopump)
(2) A cycle is defined as an engine thermal cycle up to the indicated
thrust level (e.g. tank head idle to pumped idle to
full thrust (O/F=6:1) to pumped idle to shutdown would be one
full thrust (O/F=6:1) cycle).

thrust

Table 2-7. Estimated Advanced Expander Cycle Engine Weight
Item Material Weight, lb
Primary Nozzle Assy
Cooling Tubes 347 SST 31.0
Thrust Chamber/Injector 347 SST, N-155 Rigimesh, Amzirc 58.1
Primary to Secondary Seal 347 SST 12.0
Secondary Nozzle Assy -
Nozzle Shell Uncoated Carbon/Carbon 60.2
Nozzle Supports Uncoated Carbon/Carbon 88
Screw Jacks and Actuation
Screw Jacks Uncoated Carbon/Carbon 7.7
Bearings and Housings 347 SST 6.9
Gear Drive and Drive Motor 347 SST 5.9
Gimbal Mount Aluminum Alloy 4.0
Turbo Pump Assy Al Alloy, 347 SST, 17-7 PH, 60.7
A-286, Titanium
Heat Exchangers
H. Regenerator Aluminum Alloy 328
Vortex Prevaporizer Aluminum Alloy 5.2
GOX Heat Exchanger Aluminum Alloy 16.3
Control Valves Al Alloy, 347 SST, 17-7 PH, 54.0
A-286
Miscellaneous
(Plumbing, Solenoids, 63.0
Instrumentation, etc)
Total 426.6
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SECTION 3
ENGINE HARDWARE

3.1 PROPELLANT FLOW SCHEMATIC AND OPERATING SEQUENCE

Figure 3-1 presents the advanced expander cycle propellant flow schematic illustrating
the location of each engine valve. Figure 3-2 presciits the engine valve sequencing for a typical
engine operating cycle.

3.2 ENGINE HARDWARE DRAWINGS

The advanced expander cycle engine installation is shown in Figures 3-3 and 3-4. Engine
components are shown in the following figures:

Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9
Figure 3-10
Figure 3-11
Figure 3-12
Figure 3-13
Figure 3-14
Figure 3-15
Figure 3-16

— Turbopump assembly

— Injector, Igniter and Thrust Chamber Assembly
— Hydrogen Regenerator

— 0O, Vortex Prevaporizer

— GOX Heat Exchanger

— Solenoid Valves

— Propellant Inlet Shut-Off Valves

— Main Fuel Shut-Off Valve

— Propellant Tank Pressurization Valves
— Oxidizer Flow Control Valve

— Gaseous Oxidizer Control Valve

— Main Fuel Control Valve
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Figure 3-8. 0, Vortex Prevaporizer
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Figure 3-10. Solenoid Valves

Helium Actuation
for Engine Start

e Helium Operated

* Bellows Actuated

+ Two Position Ball Valve
FD 218117

Figure 3-11. Propellant Inlet Shut-Off Valves
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Figure 3-13. Propellant Tank Pressurization Valves
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Figure 3-15. Gaseous Oxidizer Control Valve
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Figure 3-16. Main Fuel Control Valve
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